Background
The presented case deals with a fracture of a veneered-ZrO 2 single crown that took place during normal mastication (Fig. 1) . The fracture event was reported to have occurred on May 24, 2011; the fragment was retrieved by the patient and brought to the dentist. The patient's record dated the installation to March 08, 2010, making it a 14 months and 16 days lifespan. The counterpart of the fragment remained attached to the tooth and had to be removed for purposes of restoration replacement and could not be further analyzed. The original fragment was received for analysis, along with the available material and processing information. According to the dentist, the affected tooth was an upper-right canine (FDI number system: #13) that had been restored with a veneered-ZrO 2 single crown. The framework material was a ZrO 2 (Yttriastabilized Tetragonal Zirconia Polycrystals, 3Y-TZP) machined in a presintered state from a Zenotec Zr Disc (Wieland Dental, Pforzheim, Germany) having a coefficient of thermal expansion (CTE) of 10.5 ppm/8C. The overlaying veneering material was applied following the layering technique, in that successive layers of the veneering slurry are built-up anatomically over each other and sintered separately until the final anatomic form is reached. Usually between 2 and 5 layers can be needed for a single-unit dental FDP. The veneering material of the same manufacturer was an unreinforced porcelain (Zirox NR) of CTE = 9.3 ppm/8C. The antagonist was a natural tooth. This case was initially analyzed in June 2011 at the American Dental Association/NIST 2 day course on Dental Materials Fractography. It was more fully analyzed later in June 2012 and April 2014. A preliminary analysis of this case was published in [10] .
Fractographic analysis
Optical and scanning electron microscopy (SEM-EDX) were used to analyze the piece. Optical images of the fragment are shown in different angles in Fig. 2 . For better orientation, readers are referred to the diagram of an original structure (canine single-unit FDP) and the outline of the fracture edges and the internal fracture surface. On the fracture surface a distinct feature is observed some $1 mm into the bulk (Fig. 3 ). This region in optical magnification reveals a circular convex plane that differs from the other planes on the fracture surface (note the variations in light reflection), and is delimited at the upper part by an angular border. An elongated flaw is located at the midline of this border and appears flat, smooth an shiny. By tilting the fragment the ''outer veneer'', the ''inner veneer'' and the flaw seem to have distinct surface planes. The ''outer veneer'' formed a sharp angle with the external surface, whereas the plane of the flaw deviated from the ''outer veneer'' plane toward the y-axis (see Fig. 6 for coordinates). The fracture surface was scanned using a non-contact white-light optical profilometer (CyberSCAN CT 100, Cyber Technologies, Ingolstadt, Germany) to measure these angles (Fig. 5) . The angle between the ''outer veneer'' and the external palatal surface was 558, and the angle between the ''outer veneer'' and the flaw plane was 1318. This results in an angle of 768 between the flaw plane and the contact surface. The angle between the flaw plane and plane of crack propagation (''inner veneer'' in Fig. 3 ) was 1568. Using the scan data the depth of the flaw into the bulk was determined to be 820 mm.
From the elongated flaw, concentric ''ringing'' lines developed inward to an extension of 1-1.5 mm (Fig. 3) . These are Wallner lines, which form as ripples from the crack propagation event and indicate the primary direction of crack propagation. Figure 4 consists of a composite of several images from the gold-coated fragment to form a single focused image. The better contrast highlights the outer edges of the fragment and reveals a $0.8 mm-thick flat margin around most of the fragment in a $908 angle with the external surface. The inner edge of this margin circumscribes the concave region on the fracture surface. Further, Fig. 4 shows a composition of SEM images showing the palatal and the fracture surfaces of the fragment. On the palatal surface a track of occlusal wear is clearly distinguishable from the unworn surface, indicating the activity of antagonistic contact on the region of fracture. Moving down in the image, a hackle line connects the fracture originating flaw to the outer edge of the fracture. This is a resulting intersection line that formed in a second stage of fracture, when the crack path went around the origin site to complete the fracture (Fig. 6 ). The backscattered mode in the SEM revealed no difference between the ''outer veneer'' and the ''inner veneer''. A close-up of the fracture initiating flaw is seen in Fig. 5b , and shows no particular material irregularity, but a flat surface measuring 48 mm in the short axis and 180 mm in the long axis, with sharp extremities. An EDX analysis was conducted on different regions of the piece, as seen in Fig. 4 . Common elements for all areas were those typical for porcelain materials, such as Al, K, Si, and Ca. On the fracture surface in the ''inner veneer'' high amounts of Cu and Fe were found, elements that were scarce on the external surface of the piece, where additional traces of Ti were found.
Causes of failure and discussion
Embedded in the bulk of the porcelain we found a well-defined flat and smooth flaw that related well to markings of the initial stages of crack growth. The original fracture-triggering flaw was not a contact crack, which are typically found on FDPs? contact surfaces and triggering failure, but rather a thermally created flaw. Thermal cracks are usually very smooth and reflective. The fracture originating from this flaw first developed inward (into the bulk), and only outward (toward the palatal surface) in the last moments of fracture, when the crack completed a full-circle around itself. The location depth and the surface plane of the flaw in relation to the external palatal surface suggests that it may have been located between two layers of veneering material that were built-up and fired separately. Thermal stresses probably developed at the interface during this process. The fact that the EDX readings on the external surface and on the ''inner veneer'' resulted in slightly different compositions supports this hypothesis. The ''inner veneer'' contained high amounts of copper, which in the oxide form Cu 2 O is a red pigment used in dental porcelains along with Fe 2 O 3 , for recreating the saturated yellow-brownish shade of the dentin tissue. In the optical image in Fig. 3a , a multitude of red and yellow spots are seen dispersed in the porcelain, probably the crystals of Cu 2 O (red) and Fe 2 O 3 (yellow). The outer surface gave less readings of these elements, characterizing a more translucent material, usually used to mimic the milky opalescent dental enamel (TiO 2 confers a whitish appearance). It is very unusual to find a fracture origin located at the interface between veneer layers. If our hypothesis is true, the flaw triggering the fracture originated during the laboratorial manufacturing of the piece as a result of the layering procedure.
Interestingly the fracture did not initiate from contact damage, which creates high tensile stress zones around the indenter, but rather deep in the bulk of the veneer where tensile stresses are much lower. From the optical images one can observe that the plane of the internal flaw was neither orthogonally (z-axis) nor parallel oriented with respect to the external surface (xy plane) (see Fig. 6 for coordinates). Cracks in such orientation are more susceptible to the shear components of the stress field in a normally oriented load scenario. Although longer and sharper in the long axis (x-axis), the flaw grew in a direction similar to the plane of its short axis for several hundred micrometers to form a distinguished circular convex plane on the fracture surface. The location depth of the flaw (820 mm) is also an important piece of information.
From the fractographic evidence, one scenario is that thermal stresses created an initial flaw at the veneer layer interfaces during fabrication. These stresses are often transient and localized, so the crack did not propagate all the way through the crown. The crown was installed, and only later fractured in vivo. Another possibility is that the initial flaw was not present during installation, but popped in later in vivo due to combined residual stresses in the veneer and occlusal surface contact stresses. Analysis of transient thermal stresses, or residual stresses in the veneer coupled with localized contact stresses is a formidable problem.
Rough estimates of the stresses that may have been acting on the origin flaw can be made as follows. We start with the stress field from contact of the crown with the antagonist tooth under the contact using the classic Hertzian contact mechanics solutions to determine the magnitude of stresses at the depth in which the fracture originated. Usually cracks form at the contact surface in Hertzian contact stress problems. One possibility is that part of the contact crack did extend to the palatal surface in the missing fragment, but the plane of fracture of the initial crack suggests this was not likely. The other scenario is that contact stresses ''reached down'' into the bulk of the veneer and triggered fracture initiation underneath the surface. The radius of the circular contact a between a round indenter (in this case the cusp of the antagonist tooth) and a flat surface (the palatal surface of the FDP) take the form:
where the subscripts A and S refer to ''antagonist'' and ''substrate'', respectively, P is the load applied, the relative radius R C = 1/R A + 1/R S (for a flat substrate R S !1), n is the Poisson's ratio and E the Young's modulus. The radius of the antagonist was taken to be 1.5 mm, E and n of human enamel 90 GPa and 0.27, whereas 65 GPa and 0.21 are typical E and n values for . In (a) the direction of crack propagation (dcp) shows how the crack first propagated inward and only later outward to complete the fracture. In (b) the flaw morphology is to be observed. Note in (a) the spacial coordinates that help to put fracture planes in perspective. The ''y'' plane is the plane of the palatal surface, whereas the ''z'' plane characterizes the depth into the bulk. dental porcelains. The principal stresses s 1 , s 2 and s 3 as a function of the depth (along the z-axis) under the indenter are calculated using:
and
where p 0 is the peak contact pressure at the center given by:
The maximum shear stresses are then:
For a 100 N normal load, immediately under the indenter the principal stresses are compressive up to À1670 MPa. At around 160 mm from the surface s 1 and s 2 become tensile, and reach their maximum value of 29 MPa at around z = 250 mm.
At the flaw depth (z = 820 mm) s 1 and s 2 decrease to 6.3 MPa, and t max = 37.5 MPa. The maximum value of the shear stresses t 12 and t 23 are located at circa 0.5a and reach 794 MPa.
It is however difficult to determine at which load the fracture occurred, considering the wide amplitude of chewing loads taking place in the mouth (up to several hundreds of Newtons). The upper canine is a special case per se once its palatal surface serves as the sole lateral guidance for disocclusion in patients with no group function. This concentrates all the load in a single point and stresses go up accordingly. In Fig. 7 a plot of the stress components s 1,2 and t max under the indenter (along the z axis) under normal loading is given for loads ranging from 100 to 400 N. The average shear strength for dental porcelains serves as reference. Using the criterion t max ! s shear (the ultimate shear strength for dental porcelains ($130 MPa [11] )), loads >400 N would be necessary to cause fracture due to a single overloading event. The presence of the flaw is sure to have further degraded the material's strength, reducing the load needed to cause fracture. Also the effect of probable residual stresses in the veneer due to the high CTE mismatch should not be ruled out.
Our scans of the fracture surface revealed that the first stages of crack growth further deviated the crack plane from the axis of normal loading, resulting in a kink angle of $248. This is a strong indication of a mixed mode condition, and suggests that the loading at fracture was not normally oriented. On the palatal surface of the fragment evidences of sliding wear are found with accompanying partial cone cracks (see Fig. 6 , upper left corner), indicating that a tangential loading component was also active during crack initiation. When a tangential force component exists during loading (as in the case of toothtooth sliding contact), the maximum shear stress increases due to friction and take the form of the solutions derived by Hamilton [12] . The crack tip under mixed mode loading feels the tensile and the shear components of the stress, and deflects to a more favorable orientation from its original plane. According to some available fracture criteria for mixed mode loading, the crack propagates onto the direction perpendicular to the maximum tensile normal stress (maximum normal stress criterion [13] ) or to the plane of the maximum energy release rate (maximum energy release rate criterion [14] ), where the mode-II stress intensity factor disappears. From our measurements this plane formed a 528 angle to the palatal contact surface (Fig. 5) .
Conclusions and recommendations
Our fractographic analysis showed that fracture of dental prostheses may initiate from internal thermal flaws, and not exclusively from contact cracks, radial cracks or marginal defects. The fracture origin in the presented case was a thermal flaw that resulted from the layering technique. Fracture was prompted by sliding contact loading and expedited by an internal flaw embedded in a veneering material under considerable thermal residual stresses. Other manufacturing techniques that avoid incremental sintering of the veneer might come as a more reliable option. Assessing the orientation of the flaw to the external surface allowed us to state on the complex nature of the load scenario that prompted the fracture.
